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We use three IR cutoffs, including the future event horizon, the Hubble and Granda-Oliveros
(GO) cutoffs, to construct three holographic models of dark energy. Additionally, we consider a
Friedmann-Robertson-Walker (FRW) universe filled by a dark matter (DM) and a dark energy that
interact with each other through a mutual sign-changeable interaction. Thereinafter, we address
the evolution of the some cosmological parameters, such as the equation of state and dimensionless
density parameters of dark energy as well as the deceleration parameter, during the cosmic evolution
from the matter dominated era until the late time acceleration. We observe that a holographic dark
energy (HDE) model with Hubble cutoff interacting with DM may be in line with the current
universe. Our study shows that models with the future event horizon as the IR cutoff or the GO
cutoff are in good agreement with the observational data. In fact, we find out that these obtained
models can predict the universe transition from a deceleration phase to the acceleration one in a
compatible way with observations. The three obtained models may also allow the equation of state
parameter to cross the phantom line, a result which depends on the values of the system’s constants
such as the value of the interaction coupling constant.
I. INTRODUCTION
Observations data from type Ia supernovae (SNIa) [1–4], the Large Scale Structure (LSS) [5–8] and the cosmic
microwave background (CMB) anisotropies [9–11] obviously signal us an accelerating universe at the present time.
From theoretical point of view, this expanding phase of the universe is supported by an unknown source called dark
energy (DE) [12]. The simplest model, which consists of a fluid with positive energy density and negative pressure,
is called cosmological constant and suffers from some problems such as the fine-tuning and the coincidence problems
[12]. Although, many different models, such as quintessence [13, 14], phantom (ghost) field [15, 16], k-essence [17–19],
Chaplygin gas [20, 21], agegraphic DE [22–34] and ghost DE models [35–40] have been proposed to justify the current
accelerating phase of the universe expansion, DE is still a confusing topic in modern cosmology [41–43] and its nature
and origin is an unknown problem.
Following the developments in quantum theory of gravity, the motivation to solve the DE problem, including its
nature and behavior, has arisen a lot of attentions [44]. An example of such effort is the HDE models [45–51]. The
area-entropy relation is the backbone of this hypothesis claiming that black hole relates the short distance cutoff to
the long distance cutoff, which leads to an upper bound for the zero-point energy density [45]. Based on this theory,
we have ρD = 3c
2M2pL
−2 for the energy density of HDE, where c2 and L are, respectively, a constant and the infrared
(IR) cutoff, and Mp is the reduced Planck mass [46, 47]. One of the basic assumption in the HDE models is the
suitable IR cutoff which leads to an accelerated universe. The simplest choice for the IR cutoff is the Hubble radius
which is defined as, L = H−1. However, it was argued that Hubble radius cannot lead to an accelerating universe
[46], unless the interaction between DE and DM is taken into account [48, 49]. In 2008, Granda and Oliveros (GO)
proposed a combination of the Hubble parameter and its first derivative as the IR cutoff of HDE models, namely
L = (αH2 + βH˙)−1/2 where α and β are constant [52, 53]. This cutoff which is known as the GO cutoff avoids the
causality problem and solves the coincidence problem and extensively investigated in the literatures [54, 55].
Moreover, observations indicate that the possibility of a mutual interaction between the DM and DE, which may
solve the coincidence problem, is not zero [56]. The simplest form of this mutual interaction can be written as
Q = 3b2Hρ in which b2 is a constant and ρ can be the energy density of DM, DE or even their sum [56]. Since b2
is constant and H and ρ are positive quantities, the sign of the interaction term is not changed during the cosmic
evolution. However, recent investigations confirm that the sign of the interaction between DM and DE is changed
during the history of the universe and in particular in the redshift 0 · 45 ≤ z ≤ 0 · 9 [57]. Clearly, the sign-changeable
interaction term cannot be described by the Q = 3b2Hρ expression. Following [57], Wei proposed the sign-changeable
interaction term as Q = q(αρ˙ + 3βHρ) for the mutual interaction [58, 59]. In this new expression, both α and β are
dimensionless constant and q = −1 − H˙/H2 is the deceleration parameter. The key ingredient is the deceleration
parameter q in the interaction Q, and hence the interaction Q can change its sign when our universe changes from
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2deceleration phase (q > 0) to acceleration (q < 0). The αρ˙ and βHρ terms are introduced from the dimensional point
of view [58, 60, 61], and one can ignore the αρ˙ term by considering α = 0 [58, 60, 61]. It is worth noting that the
Q(ρ, ρ˙) form has previously been introduced to describe the mutual interaction between the dark sectors of cosmos
[60, 61]. Now, bearing the Firedmann equation in mind (H2 ∝ ρ), we find out that the Q(ρ, ρ˙) interaction can indeed
be written in the Q(H, H˙) form. On the other hand, since q = q(H, H˙), the Q = q(αρ˙ + 3βHρ) interaction can also
be written in the form Q(H, H˙), meaning that in the Wei’s approach, the appearance of the deceleration parameter,
q, in the interaction term Q is quite acceptable [58, 59].
In the present work, we are interested in studying the cosmological consequences of considering a sign-changeable
interaction term in HDE model. We shall take Q = 3b2Hqρ, where ρ = ρm + ρD is the total energy density. We will
consider three cutoffs, including the future event horizon, the Hubble and GO cutoffs, to build the energy density
of HDE which helps us in providing three models for DE. Thereinafter, we investigate the evolution of the system
parameters, such as the state parameter as well as the deceleration and dimensionless density parameters, during the
cosmos evolution from the matter dominated era to the current accelerating epoch.
The paper is organized as follows. In section II, we use the future event horizon as the IR cutoff to build the
HDE, and study the evolution of the system’s cosmological parameters. Sections III and IV also include the HDE
models with the Hubble and GO cutoffs, respectively. To have a better understanding of the system evolution, we
plot the cosmological parameters, such as q, the equation of state and dimensionless density parameters, in terms of
the redshift z. We finish with summary and concluding remarks in the last section.
II. HDE WITH THE SIGN-CHANGEABLE INTERACTION WITH FUTURE HORIZON AS IR
CUTOFF
We consider a homogeneous and isotropic flat FRW universe which is described by the line element
ds2 = −dt2 + a2 (t)
[
dr2 + r2dΩ2
]
, (1)
where a(t) is scale factor. The first Friedmann equation is written as
H2 =
ρ
3M2p
, (2)
where ρ is the total energy density, which satisfy the conservation law
ρ˙+ 3H(ρ+ p) = 0. (3)
We assume the two dark sectors of the universe, namely pressureless DM and HDE exchange energy and thus they
no longer satisfy the conservation equations, separately. Instead, they satisfy the semi-conservation equations as
ρ˙m + 3Hρm = Q, (4)
ρ˙D + 3H(1 + ωD)ρD = −Q. (5)
where ωD ≡ pD/ρD is the equation of state parameter of HDE, and Q denotes the interaction term between DE
and DM. As it is obvious, DE (DM) decays into DM (DE) for Q > 0 (Q < 0). Following [58, 59], we assume the
interaction term has the following form
Q = 3b2Hq(ρD + ρm), (6)
where b2 is the coupling constant and q is the deceleration parameter defined as
q = − a¨a
a˙2
= −1− H˙
H2
. (7)
From Eq. (6), it is obvious that the transition of the universe from the deceleration (q > 0) to an acceleration (q < 0)
phase, changes the sign of the interaction term Q. Defining, as usual, the dimensionless density parameters as
Ωm =
ρm
3M2pH
2
, ΩD =
ρD
3M2pH
2
, (8)
we can rewrite the first Friedmann equation in the form
Ωm +ΩD = 1. (9)
3Also, if we take the time derivative of the ratio of the energy densities, r = ρm/ρD, we find
r˙ = 3b2Hq + 6b2Hqr + 3b2Hqr2 + 3HrωD, (10)
where we have used Eqs. (4) and (5). Solving for wD, we arrive at
ωD =
r˙ − 3b2Hq − 6b2Hqr − 3b2Hqr2
3Hr
. (11)
Using Eqs. (8), (9), one obtains
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FIG. 1: Evolution of ΩD versus redshift parameter z for HDE with Future cutoff for a fixed interaction parameter with coupling
interaction b2 but for different values of the constant c.
r =
Ωm
ΩD
=
1− ΩD
ΩD
, (12)
which implies
r˙ = − Ω˙D
Ω2D
. (13)
Taking into account the fact that Ω˙D = Ω
′
DH , after using Eq. (13), we can rewrite Eq. (11) as
ωD =
−Ω′D/Ω2D − 3b2q − 6b2qr − 3b2qr2
3r
, (14)
where the dot and the prime stand for the derivative with respect to the time and x = ln a, respectively. Considering
the Hubble radius as the IR cutoff, it is easy to show that r is a constant [48, 50]. Here, we use the future event
horizon as the IR cutoff and so r is no longer a constant [46]. The future event horizon is defined as [46, 62]
Rh = a(t)
∫ ∞
t
dt
a(t)
=
c
√
1 + r
H
, (15)
where c is a constant, and it leads to
R˙h = HRh − 1 = c
√
1 + r − 1. (16)
Taking the time derivative of Eq. (2), after using Eqs. (4), (5) and (8), we obtain
H˙
H2
= −3
2
ΩD(1 + r + ωD). (17)
4Moreover, using (16) and (17), we obtain
ωD = −
1
3
− 2
√
ΩD
3c
− b
2q
ΩD
, (18)
Combining Eqs. (16) and (17) we get,
Ω′D
Ω2D
= (1− ΩD)
(
1
ΩD
+
2
c
√
ΩD
− 3b
2q
ΩD(1− ΩD)
)
. (19)
Substituting Eq. (17) into (7), one finds
q =
1− ΩD − 2Ω
3
2
D
c
2 + 3b2
. (20)
Combining this equation with Eq. (18), we find out that, for the non-interacting case (b2 = 0), we have ωD = −1 in
late time where ΩD → 1 provided we take c = 1. In addition, it is easy to check that, for b2 = 0 and c = 1, we have
q = −1 provided ΩD → 1.
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FIG. 2: The evolution of ωD versus redshift parameter z for HDE with Future cutoff. Left panel corresponds to a fixed couplings
between DE and DM and the right panel shows the case in which c is constant.
The evolution of ΩD in terms of redshift parameter (1 + z) with respect to the constant b
2 is plotted in Fig. 1.
From this figure we see that, in the early universe where z → ∞ we have ΩD → 0, while at the late time where
1 + z → 0 we have ΩD → 1. It is also apparent that, at fixed b2, the DE role in the early universe will be highlighted
with increasing the value of c. Additionally, in the long run limit (1 + z → 0), DE plays a more effective role with
decreasing the value of c. The equation of state (EoS) parameter given in (18) is also plotted in Fig. 2 showing that,
for a fixed b2, the EoS parameter can cross the phantom line for c < 1, and when c > 1, we always have ωD > −1.
The behaviour of the deceleration parameter q is plotted in Fig. 3 showing that there is a deceleration expansion at
the early time followed by an acceleration expansion. In addition, the transition from the deceleration phase to the
acceleration one happen at z ≈ 0.6 which is consistent with recent observations [63–65]. As Fig. 3 shows, for fixed
b2, the universe expansion may experience a phantom phase at current time while c > 1. Moreover, for two universes
with the same b2 and different values of c, the universe with larger amount of c gets its phase transition point earlier
than the other universe. Finally, for fixed c and for the current stage of the universe, this model predicts that the
universe expansion phase may fall in the phantom era as a function of b2.
III. HDE WITH THE SIGN-CHANGEABLE INTERACTION WITH HUBBLE CUTOFF
In this section, we use the Hubble radius (L = H−1) as IR cutoff to study the effects of a sign-changeable interaction
in the HDE model. In this case we have ρD = 3c
2M2pH
2, where c is a constant. Finally, bearing the ΩD =
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FIG. 3: The evolution of the deceleration parameter q against redshift parameter z for HDE with Future cutoff. Left panel
corresponds to a fixed couplings between DE and DM and the right panel shows the case c is constant.
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FIG. 4: The evolution of ΩD versus the 1 + z parameter for HDE with GO cutoff and b
2 = 0 · 01. Left panel corresponds to
α < 1 and the right panel shows the α > 1 case.
ρD/(3M
2
pH
2) relation in mind, we find out ΩD = c
2 meaning that c2 should meet the 0 ≤ c2 ≤ 1 condition [66].
It is worth mentioning that, in the non-interacting model we arrive at ωD = 0 for the HDE with Hubble radius as
the IR cutoff [46]. This implies that in this case the accelerated expansion of the universe cannot be achieved [46].
It is also a matter of calculation to combine the ρD = 3c
2M2pH
2 expression with Eqs. (5) and (17), and using the
Q = 3b2Hqρ = 3b2Hq(ρD + ρm) relation for the mutual interaction to get
ωD = −
b2q
c2(1 − c2) , (21)
where
q = −1− H˙
H2
=
1− c2
2(1− c2) + 3b2 . (22)
6It is obvious that in the absence of the interaction term, where b2 = 0, we get wD = 0 and q = 1/2 > 0 which refer
to a decelerated universe. Now, inserting Eq. (22) into Eq. (21), we obtain
ωD = −
b2
c2[2(1− c2) + 3b2] . (23)
Clearly, for 2(1− c2) + 3b2 > 0, we have ωD < 0.
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FIG. 5: The evolution of ωD versus the 1 + z parameter for HDE with GO cutoff and b
2 = 0 · 01. Left panel corresponds to
α < 1 and the right panel shows the α > 1 case.
IV. HDE WITH THE SIGN-CHANGEABLE INTERACTION WITH GO CUTOFF
The third cutoff, introduced by Granda and Oliveros (GO) [52], is the generalization of the Ricci scalar [67] in
which we have L = (βH˙ + αH2)−1/2 where α and β are constant, and therefore
ρD = 3M
2
p (αH
2 + βH˙), (24)
which can also be rewritten
H˙
H2
=
ΩD − α
β
. (25)
Taking the time derivative of Eq. (2) and using Eqs. (4), (5), (8) and (9), we reach
ρ˙D
3M2pH
3
=
2H˙
H2
+ 3(1− ΩD)− 3b2q. (26)
From Eq. (8), we obtain
Ω˙D =
ρ˙D
3M2pH
2
− 2ΩD
H˙
H
. (27)
Combining Eqs. (25) and (26) with (27) to get
Ω′D = (1 − ΩD)
[
3 +
2
β
(ΩD − α)
]
− 3b2q. (28)
7Inserting Eqs. (24), (25) and (26) into (5), and combining Eqs. (25) and (7), we find the EoS and deceleration
parameter as
ωD = −
1
ΩD
[
1 +
2
3
(
ΩD − α
β
)]
, (29)
q = −1− H˙
H2
= −1− ΩD − α
β
. (30)
The evolution of HDE density parameter (ΩD) in terms of redshift parameter (1 + z), whenever b
2 = 0 · 01, is shown
in Fig. 4. As it is obvious from Fig. 4, we have ΩD → 0 and ΩD → 1 in the early universe (1 + z → ∞) and the
1 + z → 0 limit, respectively.
Since Eq. (29) indicates that we have ωD = −1 while ΩD → 1 and α = 1 simultaneously, we plot the α < 1 and
α > 1 cases separately in Fig. 5. As it is obvious from this figure, the model can show a phantom-like behavior
(ωD < −1) for α < 1. Additionally, for the α > 1 case, ωD is always larger than −1. The behavior of q is also shown
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FIG. 6: The evolution of q versus the 1+ z parameter for HDE with GO cutoff and b2 = 0 ·01. Left panel corresponds to α < 1
and the right panel shows the case α > 1.
in Fig. 6. It is obvious that the universe experiences a transition from a deceleration phase to an acceleration one
around z ≈ 0 · 6, compatible with observation [63]. It is also useful to note that Eq. (30) shows q → −1 while ΩD → 1
and α = 1.
V. SUMMARY AND CONCLUDING REMARKS
Throughout this paper, we considered a universe filled by dark matter and dark energy, in which there is a sign-
changeable interaction [Q = 3b2Hq(ρD + ρm)] between the dark sectors. Considering the future event horizon, the
Hubble radius and GO as the system IR cutoffs, we followed the HDE idea to obtain three models for dark energy.
At first, we used the future event horizon as the IR cutoff to construct the HDE density profile. In addition, we
studied the evolution of density parameter, the deceleration parameter and the EOS parameter. Our study shows
that the model is compatible with some recent observations, and it predicts a transition from the deceleration phase
to an acceleration one at around z ≈ 0 · 6. Our check indicates that, for fixed b2, we have ωD > −1 for c > 1. We
also saw that, for fixed b2, the phantom-like behavior (ωD < −1) may be obtained for c < 1.
Moreover, we focused on the Hubble and the GO cutoffs and found out that these cutoffs may also lead to HDE
models compatible with observations. In fact, we saw that, unlike the non-interacting HDE model with the Hubble
cutoff [46], it is possible to have ωD < 0 and q < 0 in the interacting case. In addition, our study shows that the
model with the GO cutoff can predict the universe transition from a deceleration phase to an acceleration one at
around z ≈ 0 · 6. We finally found out that the EOS of the model with GO cutoff may also cross the phantom line.
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